The flow regime of a river can be described using the flow duration curve (FDC), which represents the frequency distribution of flows and can be derived from gauged data. Many resource assessments are required where gauged data are limited or unavailable, thus models for predicting FDCs in ungauged catchments are required. In semiarid environments, such as parts of southern Portugal, river flows often become zero for significant periods of time. This makes modelling the discontinuities in the flow regime using commonly used continuous distributions more difficult. This paper presents the derivation of a regionalized model (from a data set of 67 catchments) for predicting FDCs for ungauged catchments in Portugal, which may be ephemeral. The approach uses the theory of total probability to combine a model for predicting the percentage of time the river is dry with a model for predicting an FDC for the non-zero period. These component parts can be modelled separately, relating them to catchment characteristics such as hydrogeology and climate.
INTRODUCTION
One of the most commonly used techniques in hydrology is the flow duration curve (FDC), which provides a graphical representation of the frequency distribution of the complete flow regime. Using the FDC, it is possible to determine the percentage of time that a specified flow is equalled or exceeded. This type of information is commonly used for resource assessments including hydropower design schemes, water supply and water quality assessment and the evaluation of river habitats.
A flow duration curve is derived from gauged river flow data. However, many resource assessments are required for ungauged catchments, resulting in the development of regional models for predicting flow statistics within such catchments. There are numerous examples in the literature of regional models for estimating the FDC (or characteristic low flow indices such as the Q95 flow, i.e. the flow equalled or exceeded for 95% of the time) from relationships between these measures and physical characteristics of a catchment. These include using a regional regression approach to calculate a characteristic low flow index, defining regional prediction curves, mapping and interpolation of characteristic flow indices and deriving FDCs from synthetic time series. Smakhtin (2001) provides an extensive review of low flow hydrology, including the estimation of low flows at ungauged sites.
This paper describes a regional model, based on the theory of total probability, for predicting FDCs in a region containing ephemeral catchments. The model was developed using a data set of gauged flow records for 67 catchments in Portugal, of which 31 were found to contain significant periods of zero flow values (i.e. for more than two months per year), the majority of which were located in the dryer southern part of the country. The approach is based on combining a model for predicting the percentage of time the river is dry with a model for predicting an FDC for the non-zero period using generalized flow duration type curves (TCs), derived from non-zero gauged data using the theory of total probability.
THE CATCHMENT DATA SET
Portugal (including Madeira and the Azores) covers 92 389 km 2 , representing approximately 16% of the Iberian Peninsula in southwest Europe (Fig. 1) . The mountain formations and plateaux in Spain extend into Portugal and create two distinct types of relief, which can be delimited by the River Tagus. To the north of the River Tagus, the landscape is mountainous, whilst to the south are the plains of the central plateau. Corte-Real et al. (1998 ), Linés Escardó (1970 and the Atlas Climatico de España (1983) provide detailed descriptions of the climate. However, the climate can be separated into two principal regions: the wetter mountains north of the River Tagus, which have a maritime climate with an annual average precipitation in excess of 1000 mm year -1 , and the drier plains to the south where the average rainfall is 400-800 mm year -1
. Here, nearly all the annual precipitation is received during the winter months, with negligible precipitation in summer.
The hydrological characteristics of rivers across Portugal show two distinct types of behaviour (Fig. 2) , reflecting the climatic variability. In the north, average annual runoff is between 1540 and 2015 mm year -1
. Peak flows occur in winter and spring and minimum values around September. Although very low flows may occur during the summer, the rivers are perennial. The River Tuela, gauged at Vinhala, is typical of a catchment in northern Portugal (Fig. 2(a) ). In the southern parts of the country, the annual average runoff is significantly lower than in the north (typically less than 250 mm), with many rivers being ephemeral. The River Xarrama, gauged at Torrca do Fig. 2(b) ) is typical of a river in southern Portugal. In extremely ephemeral catchments flows may only occur for two or three months each year, following flood events. These peak flows occur almost exclusively in spring, when there is little soil moisture deficit, and recede very quickly.
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The locations of catchments used in this study are presented in Fig. 1 ; these were selected as the gauged flow regimes are not heavily influenced by water use and the flow records are of good hydrometric quality. For the selected catchments daily flow records of between nine and 71 years in length were available, although most were from the period [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . The key descriptive characteristics derived for the catchments were: − catchment values of mean annual rainfall (MAR), derived from an isoline map provided by the Instituto da Agua (INAG), Lisbon; − the fractional extents of soil classes, extracted from the Commission of the European Communities (CEC) 1:1 million soil classification (CEC, 1985) and grouped into soil groups with similar hydrological properties (SOILGP). Although coarse, the soil map was consistent with that used for other countries in Europe; − the base flow index (BFI), representing the ratio of baseflow to total flow within a catchment, derived from gauged time series data using a flow separation algorithm (Institute of Hydrology, 1980); − BFISOIL, a characteristic predicted using a multivariate regression model describing the relationship between BFI and fractional extent of SOILGP. For each catchment:
where a i (i = 1 to 5) corresponds to coefficients a to e, given in Table 1 . The model explained approximately 66% of the variance in the observed BFI with a standard error of 0.1. 
APPLYING THE THEORY OF TOTAL PROBABILITY TO GAUGED FLOW DURATION CURVES
The development of the regional model for estimating flow duration curves in catchments in which there is a finite probability that streamflow within the catchment may be ephemeral, can be subdivided into three components: (a) development of a model for predicting a threshold exceedence probability above which flows are non zero (p nz ); (b) Estimation of the distribution of the non-zero flows (FDC nz ); and (c) Re-scaling the derived distributions for both ephemeral and perennial catchments over a common probability interval such that a common regional model could be developed relating the re-scaled flow duration statistics to catchment characteristics for all catchments.
To facilitate the development of these steps, the flow duration curves for catchments used in the study were: (i) standardized for scale (expressed as a percentage of the mean flow) and (ii) for ephemeral catchments, partitioned into zero and non-zero components using the theory of total probability.
Zero flows may be real or may represent incidences where the river flow falls below a measurement threshold or limit of the gauging equipment, i.e. censored data (Durrans et al., 1999) . Numerous authors (for example, Kilmartin & Peterson, 1972; Wang & Singh, 1995; Jennings & Benson, 1969) have described methods for handling genuine zero flow values in frequency analysis, while others (for example, Tate & Freeman, 2000; Kroll & Stedinger, 1996) have described methods for addressing censored data. Without detailed site surveys of the individual catchments, the analysis described herein has been based on the assumption that zero flows equate to the cessation of river flow. This assumption was justified on the basis of the lack of observed steps in the records resulting from imprecise hydrometric measurement and the climate of southern Portugal being strongly seasonal with high winter rainfall and warm, dry summers. Haan (1977) listed three methods in which zero values in data series could be taken into account: (a) Add a small constant to all observations. This approach does not alter the discontinuity represented by the zero state, which means that commonly used distributions still may not fit the data adequately as these are all continuous distributions. (b) Analyse the non-zero values only, then adjust the results to the full period of record. Haan (1977) and Wang & Singh (1995) have advocated that this method is biased, since it ignores all zero values in the data. (c) Use the theorem of total probability.
The theorem of total probability can be used to determine the distribution of the non-zero flows and the probability of occurrence of a non-zero event, given that a zero event has already occurred (Jennings & Benson, 1969) . The theorem is given by:
Since prob(X ≥ xX = 0) is zero, as river flows cannot be negative, the relationship reduces to:
If k represents the probability that X is not zero, equation (3) reduces to:
If this relationship is written in the form of the cumulative probability distributions:
which can be written as:
where P x (x) is the cumulative probability distribution of all X (i.e. prob(X ≤ xX ≥ 0)) and P x * (x) is the cumulative probability distribution of the non-zero values of X. For each gauged catchment used in the study, the proportion of time that the river is flowing, (p nz ) was identified (i.e. prob(X ≠ 0)). By extension, the probability that the river is dry (zero flow) is given by the complement p dry = 1 -p nz .
The distribution of the non-zero flows (P x * (x)) can now be considered. If flow duration statistics are standardized by the mean flow (to minimise the influence of scale effects), it has been demonstrated that there is a strong relationship between these standardized flow statistics and catchment hydrogeology (Institute of Hydrology, 1980; Young et al., 2000) . The streamflow in permeable catchments has a more damped response to rainfall, hence a lower gradient of standardized flow duration curves (SFDC), compared to those of more responsive, low-storage impermeable catchments. The SFDC nz (derived from the non-zero flow data) for the study catchments in Portugal are presented in Fig. 3 . When plotted on lognormal axes, the SFDC nz values all approximate to straight line relationships, i.e. the data are approximately lognormally distributed. This approximation breaks down for the extremes within the data set, particularly for very small non-zero flows in ephemeral southern catchments, as a consequence of the catchments drying up and the insensitivity of the measuring equipment to very small changes in low flows.
The non-zero flow duration curves represent flows occurring between 0 and p nz where p nz is the exceedence probability at which the stream ceases to flow. In a perennial catchment p nz = 1 and in an ephemeral catchment p nz < 1. To plot the SFDC nz for both ephemeral and perennial catchments on the same axis, it is necessary to rescale the interval [0, p nz ] such that it always covers the interval [0,1]. In practice, this is achieved by transforming the component flows (i = 1, n) of the SFDC nz . For the exceedence probability, the theory of total probability (equation (3)) can be applied and hence:
where p(i) t is the transformed exceedence probability i.e. over the interval [0,1], p(i) nz is the exceedence probability of a specific non-zero flow and p nz is the threshold exceedence probability above which flows are greater than or equal to zero, as derived from the data.
The flows from the SFDC nz curve are standardized by the mean flow of the non-zero period (MF nz ) and, therefore, need to be recalculated to be expressed as a percentage of the long-term mean flow (MF 
An example of the non-zero and transformed flow duration curve is illustrated in Fig. 4 for a typical ephemeral catchment in southern Portugal. The exceedence probability is presented as a percentage in this figure.
ESTIMATING FULL FLOW DURATION CURVES AT UNGAUGED LOCATIONS
The previous section described how the theory of total probability, used by Jennings & Benson (1969) , was applied to the gauged data for perennial and ephemeral catchments, such that the distributions of non-zero flow could be expressed using the common probability interval [0, 1] . The same principles of this discussion form the basis for the derivation of flow duration curves in ungauged catchments, notably: − predicting whether the stream is ephemeral, i.e. predicting the probability of zero flows occurring (p dry ), − predicting the standardized non-zero flow duration curve (SFDC nz ), and − determining the transformed standardized flow duration curve (SFDC t ).
Predicting the probability that a stream is ephemeral
The probability that a stream is ephemeral was found to be strongly related to the mean annual rainfall (MAR) (Fig. 5) . The relationship between p dry and MAR was quantified using linear regression applied to logarithmic-transformed data. The identified relationship is given by: (11) where p dry = 1 -p nz . The factorial standard error of the model was 11%. Analysis of the residual errors identified that the catchments with the largest errors, highlighted in Fig. 5 , occur in the extreme north or extreme south of the country.
Estimating the frequency distribution of non-zero flows using an exceedence probability interval [0,1] It was discussed above how the shape of flow duration curves (once the effects of scale and ephemerality have been taken into account) is related to catchment hydrogeology. Therefore, the range of SFDCs can be represented by a set of smoothed curves reflecting typical hydrogeological conditions. These typical curves have been referred to by Gustard et al. (1992) as flow duration type curves (TCs).
The observed SFDC nz s illustrated in Fig. 3 were grouped (or pooled) into equally spaced (in log space) flow classes according to the Q80 nz flow (the flow equalled or exceeded for 80% of the time, calculated from the non-zero flow data) and a smoothed average curve was derived for each class to produce a family of 12 non-zero flow duration type curves (TC nz s), illustrated in Fig. 6 . The choice of the Q80 nz statistic as Catchment mean annual rainfall (mm) Probability that the river is dry (P dry ) the representative low-flow statistic for grouping reflects the observation (from Fig. 3 ) that it is not influenced by departures from the lognormal relationship for flow data introduced in ephemeral catchments by the fact that the catchment was drying up.
In ungauged catchments, a SFDC nz can be determined by selecting an appropriate TC nz based on a representative low flow statistic. For the reasons given above, the most suitable statistic has been chosen to be Q80 nz . The Q80 nz is strongly related to storage of water within a catchment and hence catchment soils and hydrogeology. The base flow index, BFI (Institute of Hydrology, 1980 and Irving, 1993) , is a good indicator of the degree of catchment water storage; hence a multivariate regression relationship was developed relating Q80 nz to the BFISOIL statistic. It was found that the model underpredicted Q80 nz for catchments with high BFI values and overpredicted Q80 nz for catchments with a low BFI, suggesting that the soils were not the only significant variable. It was thought that the seasonality of rainfall could also be significant, therefore MAR (as a surrogate measure for seasonality) was included in the model. The form of this model is given by: The previous sections describe the prediction of both the threshold exceedence probability for non-zero flows (p nz ) and the distribution of the non-zero flows as represented by the estimated type curve (TC nz ). The final step in the procedure is to apply equations (7) and (10) to the estimated flow duration curve (TC nz ) to determine the full distribution of flows for the catchment, taking into account the occurrence of zero flows as defined by P nz .
APPLICATION OF THE PROPOSED PROCEDURE: AN EXAMPLE
The procedure applied to an ungauged catchment can be illustrated by the following steps: 1. Using a suitable scale topographic maps (e.g. 1:50 000), identify the catchment above the site of interest and digitize the catchment boundary. 2. Overlay the boundary onto the CEC soil association map (which is available digitally as an ARC/Info coverage) and determine the percentage of each major soil type present within the catchment and group together according to their hydrological properties given in Table 1 (12) and use this low-flow statistic to select the appropriate standardized flow duration curve for the non-zero period from Fig. 7 . If the Q80 nz falls between two curves, then the SFDC nz for the site is determined by interpolating between these adjacent curves. 5. Using equation (11), calculate the probability that the river will become dry (p dry ) at the site of interest using the value of MAR from Step 5 and hence determine p nz as (1 -p dry ). 6. Transform the probability and flow coordinates of the SFDC nz using equations (7) and (10) respectively to determine the full flow duration curve, thus incorporating the theory of total probability. This procedure has been applied to example perennial and ephemeral catchments in Portugal and the resultant SFDCs are illustrated in Fig. 8 . For these catchments, the model successfully predicts the ephemerality of the catchments. However, overestimation in the Q80 nz , may lead to the selection of a less steep type curve to represent the SFDC nz , thus predicting that more water would be available in the river, especially at low flows. 
CONCLUSIONS
In Portugal, many rivers are ephemeral due to the seasonal distribution of rainfall and long, dry summers in the southern part of the country. Using the principles of the theory of total probability, this paper has presented the evaluation of the exceedence probability above which river flows are non-zero (p nz ) and the conditional probabilities of the non-zero flows (non-zero flow duration curves) for gauged catchments in Portugal. The paper has also described how these probabilities were used to derive models for predicting p nz from rainfall and also for predicting non-zero flow duration curves from the fractional extent of soils. Finally, a method was described for combining p nz and the non-zero flow duration curves to estimate full flow duration curves at ungauged locations. In developing the models for the estimation of full flow duration curves in Portugal, a new and innovative approach has been adopted to address the problems of ephemeral streams in parts of the country. This represents significant advances in providing rapid methods of deriving estimates of the flow duration curve at ungauged sites anywhere in the region. This study was constrained to use nationally available digital data sets for Portugal. Hydrogeology is a key factor in determining the variance of the non-zero flow data and further research could be undertaken with regard to the sourcing and use of digital geological data in the prediction of the Q80 nz statistic. In this paper, average annual rainfall is used as a surrogate measure of seasonality of climate. In the regions of Portugal with high annual rainfall the climate tends to maritime, whilst in the low annual rainfall regions of the south the rainfall regime is more strongly seasonal and the seasonal signal in temperature is stronger. Similarly the derivation and utility of characteristics describing the seasonality of the climate in predicting the probability of observing zero flows should be investigated.
